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HIGHLIGHTS 


•  Sn@SnOx/C  anodes  by  oxygen  plasma-assisted  milling  (02-P-milling). 

•  One-step,  environmentally  friendly  and  high-efficiency  synthesis. 

•  Sn  nanoparticles  coated  by  amorphous-nanocrystalline  SnOx  embedded  in  graphite. 

•  Superior  electrochemical  performance  with  high  capacity  and  stable  cyclability. 
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An  advanced  tin  oxide-coated  tin  in  graphite  (Sn@SnOx/C)  nanocomposite  is  synthesized  with  a  one-step 
method  of  dielectric  barrier  discharge  oxygen  plasma-assisted  milling  (02-P-milling).  Synergetic  effects 
of  rapid  plasma  heating  and  impact  stress  act  on  the  tin/graphite  powder  during  02-P-milling,  and  SnOx 
(1  <  x  <  2)  is  generated  in  situ  on  the  Sn  surface  from  the  reaction  between  Sn  and  oxygen.  The  resulting 
composite  possesses  a  unique  microstructure,  where  Sn  nanoparticles  coated  by  an  ultrathin  amorphous/ 
nanocrystalline  SnOx  layer  are  homogeneously  embedded  within  a  graphite  matrix.  As  lithium  ion  an¬ 
odes,  the  Sn@SnOx/C  nanocomposites  display  superior  electrochemical  performance  to  Sn-C  and  Sn 
-Sn02-C  nanocomposites  milled  under  argon  plasma.  The  SnOx/C  nanocomposite  obtained  after  02-P- 
milling  for  25  h  that  contains  a  high  content  of  amorphous/nanocrystalline  SnOx  exhibits  a  high  capacity 
retention  of  500mAhg_1  at  250  mAg-1  after  70  cycles,  indicating  that  02-P-milling  is  a  promising 
method  to  prepare  Sn-based  multiphase  nanocomposite  anode  materials. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  ion  batteries  are  important  power  sources  in  portable 
electronics  and  electric  vehicles.  Graphite  materials  are  widely  used 
as  anodes  in  commercial  lithium  ion  batteries  because  of  their 
stable  cycling  performance  and  low  cost.  However,  the  limited  ca¬ 
pacity  of  graphite  (372  mAhg-1)  cannot  meet  the  ever-growing 
requirements  for  high-performance  lithium  ion  batteries.  Accord¬ 
ingly,  Sn-based  materials,  are  promising  anode  candidates  to 
replace  graphite  because  Sn  can  react  with  Li  to  form  L^Sns  alloy, 
showing  a  high  theoretical  capacity  (Sn,  992  mAhg”1)  [1].  How¬ 
ever,  the  large  volume  changes  generated  during  Sn  alloying/ 
dealloying  with  Li  can  lead  to  pulverization  of  the  electrode  and 
rapid  capacity  decay,  which  is  a  major  disadvantage  of  Sn-based 
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anodes.  Tin  oxides  can  also  be  used  as  lithium  storage  materials. 
The  reaction  mechanism  involves  the  following  processes  [2,3]: 

SnC>2  +  2Li+  +  2e~  SnO  +  L^O,  SnO  +  2Li+  +  2e~  -►  Sn  +  L^O  ( 1 ) 

Sn  +  Li+  +  xe~  -►  LixSn  (0<x<4.4)  (2) 

The  theoretical  capacities  of  SnO  and  Sn02  can  be  as  high  as 
875  mAhg_1  and  782mAhg-1,  respectively.  Although  their  ca¬ 
pacities  are  lower  than  that  of  Sn,  the  L^O  formed  in  reaction  (1) 
can  serve  as  a  matrix  to  accommodate  the  volume  change  of  the 
active  Sn  phase  and  prevents  Sn  from  aggregating.  Therefore,  it  is 
obvious  to  consider  the  strategy  of  combining  Sn  with  SnOx 
(1  <x<2)  in  an  anode  to  maintain  the  reversible  capacity  and 
improve  the  cyclability  [4-6]. 

Extensive  research  has  indicated  that  dispersing  an  amorphous/ 
nanostructured  Sn-based  material  in  a  carbon  matrix  is  an  effective 
way  to  accommodate  the  large  volume  change  of  Sn  [7-10]. 
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Amorphous  or  nanostructured  Sn-based  materials  tolerate  signifi¬ 
cant  expansion  instead  of  cracking  and  pulverizing  like  crystalline 
materials,  while  carbon  matrix  prevents  aggregation  of  the  Sn- 
based  material  and  maintains  conductive  network  for  the  active 
phases.  Therefore,  Sn-based  carbon  composites  show  enhanced 
electrochemical  performance  [11—13].  It  has  been  reported  that 
amorphous/nanostructure  Sn-M-C  (M  =  Co,  Mn,  Fe)  alloys  were 
prepared  by  mechanical  attriting,  and  amorphous  Sn-Co-C 
exhibited  good  electrochemical  property  with  a  capacity  of  about 
400mAhg~1  after  100  cycles  [14-16].  Composites  of  hollow  or 
porous  Sn/C,  SnO/C,  Sn02/C  and  Sn/SnOx/C  have  been  extensively 
fabricated  by  chemical  deposition  assisted  with  template  synthesis 
[17-23],  hydrothermal  method  [24,25],  electrospinning  [26-28] 
and  so  forth  to  improve  the  cyclic  stability.  However,  these  com¬ 
posites  possess  low  tap  density  because  of  the  insufficient  filling, 
which  would  reduce  the  energy  density  for  the  application  of 
lithium  ion  battery.  Furthermore,  these  synthesis  processes  often 
include  complicated  steps  (such  as  template  removing,  tempera¬ 
ture  controlling,  solution  concentration  adjusting),  and  offer 
limited  throughput. 

Mechanical  alloying  (MA)  is  a  simple,  effective  and  eco-friendly 
method  for  mass  production.  In  our  previous  study,  we  prepared 
Sn-C  nanocomposites  on  a  large  scale  by  dielectric  barrier 
discharge  argon  plasma-assisted  milling  (P-milling)  [29].  Multi¬ 
scale  Sn  particles  embedded  in  the  highly  crystalline  graphite  and 
the  composite  exhibited  a  high  capacity  of  400mAhg~1  for  40 
cycles.  In  this  work,  we  developed  a  new  MA  method  based  on  P- 
milling,  namely  oxygen  plasma-assisted  milling  (02-P-milling).  The 
synthetic  procedure  is  schematically  illustrated  in  Fig.  1.  During  02- 
P-milling,  significant  synergy  between  the  effects  of  rapid  heating 
by  the  plasma  and  milling  impact  stress  is  exerted  on  the  Sn/ 
graphite  powders,  and  amorphous/nanostructured  SnOx  (1  <  x  <  2) 
are  formed  in  situ  due  to  the  reaction  of  Sn  with  oxygen.  Besides,  in 
situ  formed  SnOx  particles  can  serve  as  a  grinding  aid  to  refine  and 
disperse  Sn  particles.  Hence,  an  Sn@SnOx/C  composite  with  an 
amorphous/nanostructured  Sn  core  coated  by  a  thin,  rigid  SnOx 
shell  embedded  in  a  carbon  matrix  would  be  synthesized  in  one- 
step  by  02-P-milling.  During  charge-discharge  cycles,  SnOx  shell 
would  transform  into  U2O  (Eq.  (1))  in  situ  on  the  surface  of  Sn  core, 
which  can  restrict  swelling  of  Sn  effectively.  Therefore,  the 
continual  breakdown  and  reformation  of  the  solid-electrolyte- 
interface  (SEI)  is  suppressed,  and  the  electric  contact  between  the 
electrode  and  matrix  is  maintained  [30,31],  which  would  enable 
the  Sn@SnOx/C  composite  to  exhibit  high  capacity  and  good 
cyclability. 

2.  Experimental 

2.1.  Preparation  of  Sn@SnOx/C  composites 

Details  of  P-milling  are  reported  in  our  previous  papers 
[29,32,33].  In  this  work,  oxygen  plasma,  instead  of  argon  plasma, 
was  generated  in  the  milling  cylinder  during  02-P-milling.  The  raw 
materials  were  graphite  with  a  particle  size  of  400  mesh  and  Sn 
powder  with  a  particle  size  of  100  mesh.  Powder  mixtures  with  an 
Sn:C  ratio  of  1 :1  (w:w)  were  treated  by  02-P-milling  for  2, 5,  or  10  h, 
yielding  samples  denoted  as  Sn@SnOx/C-2  h,  Sn@SnOx/C-5  h,  and 
Sn@SnOx/C-10  h,  respectively.  The  weight  ratio  of  ball  to  powder 
was  50:1.  Additional  oxygen  (0.08  mol)  was  supplied  to  the  system 
every  2.5  h  to  compensate  for  the  continuous  consumption  of  ox¬ 
ygen  during  the  milling  process.  To  further  study  the  influence  of 
SnOx,  the  powder  mixture  was  treated  by  02-P-milling  for  25  h 
with  an  addition  of  oxygen  (0.08  mol)  every  5  h,  to  form  the  SnO X/C 
composite.  For  comparison,  an  Sn-50wt%C  composite  studied 
previously  [29]  and  a  powder  mixture  with  an  Sn02  (particle  size: 


Plasma  field  energy 


Mechanical  energy 


Fig.  1.  Synthetic  procedure  used  to  prepare  Sn@SnOx/C  composites. 

50  nm):Sn:C  ratio  of  5:45:50  (w:w:w)  were  treated  by  P-milling  for 
10  h;  these  samples  are  denoted  Sn-C  and  Sn-Sn02-C, 
respectively. 

2.2.  Microstructure  characterization 

The  microstructures  of  samples  were  characterized  by  X-ray 
diffraction  (XRD,  Philips  X’pert  MPD)  with  Cu -I<a  radiation,  field- 
emission  scanning  electron  microscopy  (FE-SEM,  Carl  Zeiss  Supra 
40),  and  transmission  electron  microscopy  (TEM,  JEOL-2100)  at 
200  kV.  The  electronic  states  of  Sn  in  the  composite  were  deter¬ 
mined  by  X-ray  photoelectron  spectrometry  (XPS,  AXIS  Ultra  DLD) 
using  Al -I<a  radiation.  The  tap  density  of  the  powders  was  tested 
according  to  the  Chinese  standard  GB/T  5162-2006/ISO  3953:1993. 
The  contents  of  Sn,  C  and  O  were  measured  by  electron  probe  X-ray 
microanalysis  (EPMA,  EPMA-1600).  The  degree  of  graphitization  of 
the  carbon  after  milling  was  measured  by  a  LabRam  Aramis 


Fig.  2.  XRD  patterns  of  (a)  Sn-C  composite  obtained  by  P-milling,  and  Sn@SnO.JC 
composites  prepared  by  02-P-milling:  (b)  Sn@SnOx/C-2  h,  (c)  Sn@SnOx/C-5  h,  (d) 
Sn@SnOx/C-10  h,  and  (e)  SnOx/C. 
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Binding  Energy  /  eV 

Fig.  3.  Sn  3d  core  level  XPS  for  the  Sn@SnO*/C-10  h  composite. 

spectrometer  at  a  632.8A  excitation  wavelength.  Cycled  electrodes 
were  washed  several  times  with  diethyl  carbonate  (DEC)  and  ab¬ 
solute  ethanol  to  remove  the  electrolyte  before  microstructure 
analysis. 

2.3.  Electrochemical  measurements 

The  electrochemical  properties  of  the  as-prepared  composites 
were  measured  using  coin-type  half-cells  (CR2016)  assembled  in  an 
argon-filled  glove  box  with  lithium  ribbon  serving  as  the  counter 
and  reference  electrodes.  The  working  electrode  consisted  of  80  wt 
%  active  powder,  10  wt%  Super- P,  and  10  wt%  PVdF.  The  loading  of 
active  materials  was  1-1.5  mg  cnrT2.  The  electrolyte  was  LiPF6 
(1  M)  in  a  mixture  of  ethylene  carbonate  (EC)/DEC/ethyl  methyl 
carbonate  (EMC)  (1:1:1,  v:v:v)  (Shanshan  Tech  Co.,  Ltd.).  Galvano- 
static  charge-discharge  measurements  were  performed  with  bat¬ 
tery  testers  (BT-2000,  Arbin  Instruments,  USA)  at  various  current 
densities  in  the  range  of  0.01-1.5  V  vs.  Li/Li+.  CV  was  performed 
with  an  electrochemical  system  (AutoLab)  over  the  potential  range 
0.0-2.0  V  vs.  Li/Li+  at  scan  rates  of  0.3,  0.5,  0.7,  0.9,  and  1.2  mV  s-1. 
All  the  electrochemical  tests  were  carried  out  at  ambient 
temperature. 

3.  Results  and  discussion 

3.1.  Microstructure  of  Sn@SnOx/C  composites 

Fig.  2  shows  XRD  patterns  of  Sn-C  composite  prepared  by  P- 
milling,  Sn@SnOx/C  and  SnO X/C  composites  prepared  by  O2-P- 
milling  for  different  periods.  The  peak  located  at  26.6°  was  attrib¬ 
uted  to  the  diffraction  of  graphite,  and  peaks  at  30.6  and  32.0°  were 
indexed  as  Sn  in  Fig.  2(a).  Peaks  consistent  with  tetragonal  Sn 
weakened  and  widened  significantly  as  the  02-P-milling  time 
increased,  suggesting  a  distinct  refinement  of  Sn  grain  size  and  a 
gradual  decrease  in  the  amount  of  Sn.  Eventually,  for  the  SnO X/C 
composite  shown  in  Fig.  2(e),  the  diffraction  peaks  of  Sn  became 
undistinguishable.  The  average  grain  size  of  Sn  in  the  Sn@SnO X/C- 
10  h  composite  was  calculated  to  be  27  nm  using  the  Voigt  function, 
which  was  much  smaller  than  that  in  the  Sn-C  composite  (68  nm). 
In  the  pattern  of  the  Sn@SnOx/C-5  h  composite  (Fig.  2(c)),  weak 
characteristic  diffraction  peaks  of  SnO  (2 6  of  29.8  and  33.3°)  and 
Sn02  (2 0  of  33.9°)  emerged.  In  the  diffraction  patterns  of  the 
Sn@SnOx/C-10  h  and  SnO X/C  composites,  these  peaks  got  stronger 
(Fig.  2(d)  and  (e)),  and  two  broad  humps  located  at  around  28°  and 


55°  were  detected,  which  could  be  attributed  to  amorphous  SnOx 
[34,35].  Overall,  the  XRD  results  revealed  that  there  were  amor¬ 
phous  and  nanocrystalline  SnOx  (1  <  x  <  2)  phases  coexisting  in  the 
Sn@SnOx/C-10  h  and  SnO X/C  composites. 

Fig.  3  shows  the  XPS  results  of  the  Sn@SnOx/C-10  h  composite. 
The  dominant  signals  at  487.3  and  495.8  eV  were  assigned  to  Sn4+, 
while  the  two  peaks  at  486.3  and  494.8  eV  were  ascribed  to  Sn2+ 
while  the  weakest  peaks  at  484.9  and  493.3  eV  corresponded  to 
Sn°.  This  further  confirmed  that  the  existence  of  SnOx  formed  on 
the  surface  of  the  composite  after  02-P-milling  for  10  h.  EPMA 
showed  the  content  of  O  in  the  Sn@SnOx/C-10  h  composite  were 
7.7  wt%,  from  which  the  content  of  SnOx  could  be  calculated  ranging 
from  36.5  wt%  (SnO)  to  65.2  wt%  (Sn02).  Considering  that  46.4  wt% 
C  was  detected  in  the  composite,  the  content  of  SnOx  was  further 
estimated  to  be  in  the  range  of  36.5-53.6  wt%.  Similarly,  the  con¬ 
tent  of  SnOx  could  be  estimated  53.6-63.7  wt%  in  the  SnO X/C 
composite  based  on  the  EPMA  results  (11.4  wt%  O  and  36.3  wt%  C). 
Additionally,  the  content  of  carbon  in  the  SnO X/C  was  lower  than 
that  in  Sn@SnOx/C-10  h,  indicating  more  graphite  was  lost  during 
02-P-milling,  which  might  be  converted  into  CO  and/or  CO2  etc. 

To  evaluate  the  impact  of  02-P-milling  on  graphite,  a  compari¬ 
son  of  Raman  spectra  for  Sn@SnOx/C-10  h  and  Sn-C  composites 
was  carried  out  as  shown  in  Fig.  4.  The  peaks  located  at  1322  and 
1565  cirT1  correspond  to  the  characteristic  D  and  G  bands  of  car¬ 
bon,  respectively.  The  7d//g  ratio  was  0.491  in  Sn@SnOx/C-10  h 
composite,  which  was  nearly  equal  to  that  of  Sn-C  composite 
(0.489),  suggesting  the  crystallinity  of  graphite  was  not  dramati¬ 
cally  decreased  under  02-P-milling  compared  with  P-milling.  Based 
on  the  above  results,  we  could  conclude  that  SnOx  was  formed, 
while  Sn  and  crystalline  graphite  were  remained  as  the  dominant 
phases  in  the  02-P-milled  Sn@SnOx/C-10  h  composite  as  expected, 
and  the  composite  exhibited  a  high  tap  density  of  1.33  g  cm'3. 

Backscattered  electron  SEM  images  of  the  Sn@SnOx/C-2  h,  -5  h, 
-10  h,  and  Sn-Sn02-C  for  comparison  are  presented  in  Fig.  5. 
When  the  02-P-milling  time  was  2  h  (Fig.  5(a)),  the  Sn-rich  phases 
(bright  zones)  were  large  floccules  dispersed  in  the  graphite  matrix 
(dark  zones).  With  increasing  milling  time,  the  dispersion  of  Sn  in 
the  graphite  matrix  became  more  even.  This  differed  considerably 
from  the  morphology  of  the  Sn-Sn02-C  composite  obtained  by  P- 
milling  for  10  h,  where  the  Sn  particles,  as  indicated  by  arrows  in 
Fig.  5(d),  were  clearly  visible  and  larger  than  those  in  the  02-P- 
milled  composites.  It  suggested  that  the  SnOx  formed  in  situ  on  the 
Sn  surface  during  02-P-milling  was  more  beneficial  for  the 
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Fig.  4.  Raman  spectra  of  Sn-C  and  Sn@SnO*/C-10  h  composites. 


Fig.  5.  Backscattered  electron  SEM  images  of  (a)  Sn@SnOx/C-2  h,  (b)  Sn@SnOx/C-5  h,  (c)  Sn@SnOx/C-10  h,  and  (d)  Sn-Sn02-C  composites. 


Fig.  6.  (a)  Bright-field  TEM  image  and  SAED  pattern  (inset  at  top-right)  of  the  Sn@SnOx/C-10  h  composite,  (b)  and  (c)  HRTEM  images  of  typical  microstructures  in  the  Sn@SnOx/C- 
10  h  composite. 
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Fig.  7.  Schematic  diagram  of  the  formation  mechanism  for  the  Sn@SnO*/C  composite 
by  02-P-milling. 

refinement  and  dispersion  of  Sn  than  the  SnC>2  additive.  As  a  result, 
it  was  expected  that  the  Sn@SnOx/C-10  h  composite  would  exhibit 
better  electrochemical  performance  than  the  Sn-Sn02-C 
composite. 

To  further  investigate  the  morphology  and  distribution  of  Sn 
and  SnOx  in  the  graphite  matrix,  the  Sn@SnOx/C-10  h  composite 
was  characterized  by  TEM.  As  shown  in  Fig.  6(a),  nanosized  Sn  and 
SnOx  particles  were  embedded  in  the  graphite  matrix.  The  circled 
particle  in  Fig.  6(a)  consisted  of  a  single-crystalline  Sn  phase  and 
nanocrystalline  SnC>2,  as  revealed  by  their  selected-area  electron 
diffraction  (SAED)  patterns  (inset  of  Fig.  6(a)).  There  were  two 
typical  distributions  of  SnOx  in  the  Sn@SnOx/C-10  h  composite:  (1) 
amorphous  SnOx  separated  from  Sn  by  milling  (indicated  by  arrows 
in  Fig.  6(b)),  and  (2)  a  6-10  nm-thick  amorphous/nanocrystalline 
SnOx  layer  coated  on  a  single-crystalline  Sn  embedded  in  graphite 
matrix  (Fig.  6(c)).  The  latter  core-shell  structure  was  generally 
dominant  in  the  Sn@SnOx/C-10  h  composites  prepared  by  02-P- 
milling,  and  was  exactly  the  structure  we  anticipated. 


v 1/2  /  V1/2S‘1/2 


Fig.  8.  (a)  Cyclic  voltammograms  in  the  potential  range  0.0-2  V  at  scanning  rates  of 
0.3,  0.5,  0.7,  0.9,  and  1.2  mV  s-1,  and  (b)  the  relationship  between  /p  and  v1/2  for  the 
Sn@SnO*/C-10  h  composite. 


A  deduced  forming  mechanism  of  Sn@SnOx/C  composite  was 
presented  schematically  in  Fig.  7.  First,  SnOx  nucleated  on  the  sur¬ 
face  of  Sn  particles  in  the  oxygen-plasma  field,  resulting  in  a  core¬ 
shell  structure  as  SnOx  grew.  SnOx  partly  exfoliated  as  the  strain 
accumulated,  exposing  fresh  surface  of  Sn.  With  the  grinding  aid  of 
rigid  SnOx  nanoparticles,  Sn  was  gradually  refined  due  to  the  syn¬ 
ergetic  effects  of  heating  and  stress.  Meanwhile,  new  SnOx  would 
then  form  on  the  surface  of  the  refined  Sn.  It  is  important  to  note 
that  a  stable  SnOx  layer  (only  about  1-2  nm)  is  able  to  form  on  the 
Sn  particles  in  the  air.  However,  the  SnOx  layer  would  grow  ac¬ 
cording  to  the  Mott-Cabrera  theory  [36,37],  because  of  the  charge 
field  and  rapid  heating  during  02-P-milling.  Accordingly,  a  6— 
10  nm-thick  SnOx  layer  could  be  observed,  as  shown  in  Fig.  6(c). 
Moreover,  the  content  of  SnOx  in  the  composite  could  be  enhanced 
by  increasing  the  oxygen  input  and  milling  time.  It  was  expected 
that  the  graphite  matrix,  as  well  as  the  L^O  formed  by  the  reaction 
of  SnOx  with  Li+  in  the  first  discharge,  could  effectively  buffer  the 
volume  expansion  of  Sn  and  prevent  the  aggregation  of  the  nano¬ 
sized  active  materials  during  cycling,  thereby  maintaining  the 
stability  of  the  electrode. 


3.2.  Electrochemical  performance  ofSn@SnOx/C  composite  anodes 

To  investigate  the  kinetics  of  lithium  intercalation/dein¬ 
tercalation  into/from  the  Sn@SnOx/C-10  h  electrode,  a  series  of  CV 


Fig.  9.  (a)  Initial  discharge-charge  profiles,  and  (b)  differential  capacity  vs.  potential 
plots  for  the  Sn@SnOx/C-10  h  composite.  Current  density:  0.4mAcnfT2  (about 
250  mAg  1),  cut-off  potential:  0.01-1.5  V. 
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curves  were  recorded.  As  shown  in  Fig.  8(a),  an  increase  in  scan  rate 
v  caused  a  progressive  shift  of  the  anodic  peaks  to  higher  potential 
as  well  as  an  increase  in  peak  height.  The  linear  relationship  be¬ 
tween  7P  and  v1/2  (Fig.  8(b))  indicates  that  the  reaction  kinetics  were 
controlled  by  the  diffusion  of  Li,  as  suggested  by  the  Randles- 
Sevcik  equation  (Eq.  (3))  [38-40]: 

7P  -  2.69  x  IOV^AD^V^Cq,  (3) 

where  A  is  the  electrode  area  (0.5  cm2  in  this  work),  n  is  the  number 
of  electrons  involved  in  the  reaction  (Li+,  n  =  1),  Co  is  the  concen¬ 
tration  of  Li+  in  the  solution  (mol  cm-3),  and  D  is  the  diffusion 
coefficient  of  Li+  (Dfi,  cm2s-1).  Based  on  Eq.  (3),  Dti  for  the 
Sn@SnOx/C-10  h  composite  was  estimated  to  be 
6.68  x  10-7  cm2  s-1,  which  is  one  order  of  magnitude  higher  than 
that  of  the  P-milled  Sn-C  composite  (2.7  x  10-8  cm2  s-1)  and  three 
orders  of  magnitude  higher  than  that  of  pure  Sn02 
(7.2  x  10-10cm2s-1)  [41].  The  high  Li+  diffusion  coefficient  in  the 
Sn@SnOx/C-10  h  composite  is  attributed  to  the  unique  nano¬ 
structure  of  this  material.  A  short  Li+  diffusion  distance  was  pro¬ 
vided  by  the  refined  Sn  nanoparticles  after  02-P-milling  and  the 
nanocrystalline  L^O  and  Sn  formed  along  high-density  grain 
boundaries  of  amorphous/nanocrystalline  SnOx  would  promote  the 
diffusion/drift  of  Li  ions  [42].  Moreover,  the  graphite  matrix  could 
maintain  the  conductive  network  for  the  active  phases.  All  of  these 
features  implied  that  the  Sn@SnOx/C-10  h  composite  should  exhibit 
good  lithium  storage  performance. 
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Fig.  10.  Comparison  of  cycle  performance  for  the  Sn@SnOx/C-10  h,  SnOx/C,  Sn-Sn02- 
C,  and  Sn-C  composites  between  0.01  and  1.5  V  at  250  mAg1:  (a)  discharge  capacity 
vs.  cycle  number,  and  (b)  coulombic  efficiency  vs.  cycle  number. 
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Fig.  11.  Rate  capability  of  the  Sn@SnOx/C-10  h  composite.  Cut-off  potential:  0.01-1.5  V. 


Fig.  9(a)  shows  the  1st,  2nd  and  5th  discharge-charge  profiles  of 
the  Sn@SnOx/C-10  h  composite  at  a  constant  current  density  of 
0.4  mA cm-2  (about  250  mAg-1).  The  first  discharge  and  charge 
capacities  were  1001.1  and  571.2  mAhg-1,  respectively,  implying 
an  initial  coulombic  efficiency  of  57.1%.  The  irreversible  capacity 
loss  was  mainly  attributed  to  the  formation  of  L^O  in  the  irre¬ 
versible  reduction  of  SnOx  to  Sn  and  SEI  film  formation  at  1.2-0.8  V 
[20,43].  The  initial  coulombic  efficiency  was  slightly  lower  than 
that  of  the  Sn-C  composite  (61.8%),  but  substantially  higher  than 
those  for  previously  reported  Sn02  materials  [19,44,45].  The  dif¬ 
ferentials  of  the  capacity  vs.  potential  curves  are  presented  in 
Fig.  9(b).  Two  peaks  at  potentials  of  around  1.3  and  1.0  V  were 
observed  in  the  first  scan  but  disappeared  in  subsequent  cycles, 
which  indicated  the  irreversible  reaction  between  Li  and  SnOx  (Eq. 
( 1 )).  In  addition,  two  pairs  of  redox  peaks  at  0.075/0.1  and  0.1  /0.15  V 
were  related  to  the  intercalation/extraction  of  lithium  into/from 
graphite  during  the  discharge/charge  process.  Only  broad  peaks 
corresponding  to  lithium  alloying/dealloying  with  the  pure  Sn 
phase  were  observed  between  0.4  and  0.8  V  in  the  first  scan,  which 
was  presumably  related  to  the  small  grain  size  of  the  Sn.  These 
results  suggested  that  graphite,  nanosized  Sn  together  with  SnOx 
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Graphite 


Fig.  13.  (a)  Bright-field  TEM  image  with  a  SAED  pattern  (inset  at  top-right)  of  the  Sn@SnOx/C-10  h  composite  after  three  discharge-charge  cycles,  (b)  HRTEM  image  of  the  area 
highlighted  by  a  dotted  rectangle,  (c)  Schematic  diagram  of  microstructure  evolution  for  the  Sn@SnOx/C-10  h  composite  after  Li  alloying  and  dealloying. 


contributed  to  the  total  capacity  of  the  electrode.  Taking  fully  into 
account  the  capacity  contribution  from  P-milled  graphite 
(160  mAhg'1)  [29],  Sn,  and  SnOx  in  which  its  reversible  capacity 
just  depended  on  the  capacity  released  by  the  Sn  contained,  the 
theoretical  reversible  capacities  of  the  Sn@SnOx/C-10  h  was  eval¬ 
uated  to  be  about  530  mA  h  g'1  (992  x  45.9%  +  160  x  46.4%  = 
530  mA  h  g'1).  Similarly,  the  theoretical  revisable  capacity  of  SnOx/ 
C  was  calculated  to  be  580  mA  h  g'1. 

Fig.  10  depicts  the  cycle  performance  of  the  SnOx/C,  Sn@SnOx/C, 
Sn-Sn02-C,  and  Sn-C  composite  electrodes  at  a  constant  current 
density  of  250  mAg'1.  Sn@SnOx/C-10  h  showed  a  capacity  of  about 
430  mAhg'1  after  70  cycles,  and  a  high  coulombic  efficiency  of 
98.9%  after  the  initial  five  cycles,  while  Sn-Sn02-C  and  Sn-C 
exhibited  less  than  300  mAhg'1  after  70  cycles.  It  demonstrated 
that  the  capacity  and  cyclic  stability  of  Sn@SnOx/C-10  h  were  much 
improved  compared  with  those  of  Sn-Sn02-C,  and  Sn-C.  By 
increasing  the  oxygen  content  and  milling  time,  the  cycle  perfor¬ 
mance  of  the  Sn@SnOx/C  composite  could  be  further  enhanced: 
SnOx/C  maintained  a  capacity  of  500  mAhg'1  for  70  cycles  with  a 
higher  coulombic  efficiency  of  99.4%,  although  its  first  irreversible 
capacity  (632  mAhg'1)  was  higher  than  that  of  Sn@SnOx/C-10  h 
(429  mAhg'1).  The  improved  capacity  retention  in  SnOx/C  should 
be  attributed  to  the  higher  content  of  amorphous/nanocrystalline 
SnOx  compared  with  that  in  Sn@SnOx/C-10  h.  Firstly,  as  the  milled 
time  expanding  from  10  h  to  25  h,  the  active  Sn  generated  from 
SnOx  would  be  smaller  and  dispersed  inside  the  matrix  more  evenly 
than  that  in  Sn@SnOx/C-10  h.  The  finer  Sn  was  more  beneficial  to 
discharge/charge  in  depth  to  release  capacity  and  more  tolerant  for 
the  volume  change  in  the  following  cycles.  Second,  more  Li02, 
resulted  from  the  reaction  of  SnOx  with  lithium,  could  buffer  the 
volume  change  and  prevent  the  aggregation  of  the  active  materials, 
which  relieved  the  structure  damage  of  the  composite.  The  latter 
was  also  a  main  reason  why  SnOx/C  showed  a  lower  initial 
coulombic  efficiency  of  53%  than  57.1%  in  Sn@SnOx/C-10  h 


(Fig.  10(b)).  Nevertheless,  the  first  coulombic  efficiency  of  SnOx/C 
was  still  4%  higher  than  that  for  the  Sn-Sn02-C  composite  with 
5  wt%  Sn02  (49.0%). 

Fig.  11  shows  the  rate  capability  of  the  Sn@SnOx/C-10  h  elec¬ 
trode  after  three  activation  cycles.  The  Sn@SnOx/C-10  h  composite 
maintained  a  stable  reversible  capacity  of  340  mAhg'1  at  a  high 
current  density  of  1250  mA  g'1.  A  capacity  of 430  mA  h  g'1  could  be 
restored  when  the  current  density  was  reduced  to  90  mAg'1.  The 
superior  rate  capability  was  attributed  to  the  enhanced  kinetics 
resulted  from  the  short  diffusion  distance  for  Li+  intercalation  in 
the  nanoparticles  of  Sn@SnOx/C-10  h. 

To  further  investigate  the  advantageous  features  of  the 
Sn@SnOx/C  composites,  the  microstructure  evolution  of  Sn@SnOx/ 
C-10  h  composite  electrode  after  three  cycles  was  analyzed  by  XRD 
and  TEM.  The  XRD  pattern  in  Fig.  12  indicated  that  graphite  and  Sn 
were  the  dominant  phases  in  addition  to  the  substrate  Cu. 
Diffraction  peaks  attributed  to  Li20  and  Li5Sn2  were  observed, 
while  no  diffraction  peaks  consistent  with  SnOx  could  be  detected, 
which  demonstrated  the  lithium  storage  mechanism  of  SnOx  (Eq.  1 
and  2).  A  bright-field  TEM  image  (Fig.  13(a))  indicated  that  the  Sn 
nanoparticles  were  still  homogeneously  embedded  in  the  graphite 
matrix  after  three  cycles,  without  obvious  aggregation.  In  the  SAED 
pattern  (the  inset  of  Fig.  13(a)),  diffraction  rings  of  Sn  (211),  (321), 
(312),  C  (002),  and  Li20  (111)  confirmed  their  nanocrystalline  na¬ 
ture.  HRTEM  images  (Fig.  13(b))  revealed  the  well-maintained 
core-shell  structure,  and  the  Sn  nanoparticles  surrounded  by  a 
layer  of  amorphous/nanocrystalline  Li20  and  Sn  could  be  clearly 
observed.  Therefore,  the  microstructure  evolution  of  the  Sn@SnOx/ 
C-10  h  composite  after  Li  alloying  and  dealloying  (illustrated  in 
Fig.  13(c))  could  reveal  the  reasons  for  its  superior  cyclability:  (1 )  Sn 
and  SnOx  nanoparticles  refined  by  02-P-milling  could  withstand 
large  volume  changes  during  Li  alloy/dealloy.  (2)  Graphite  and  Li20 
generated  from  SnOx  during  the  first  discharge  accommodated  the 
volume  expansion  of  Sn,  effectively  preventing  aggregation  of  the 
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Sn  nanoparticles.  Both  of  these  factors  inhibited  the  pulverization 
of  the  electrode,  due  to  which  the  continual  breakdown  and 
reformation  of  the  SEI  was  suppressed,  and  the  electric  contact 
between  the  electrode  and  matrix  was  maintained.  In  short,  the 
unique  microstructure  of  the  02-P-milled  Sn@SnOx/C  composite 
maintained  the  stability  of  the  electrode  during  cycling  and  led  to 
excellent  cycle  performance. 

4.  Conclusion 

In  summary,  a  facile  and  highly  efficient  one-step  strategy,  O2-P- 
milling,  has  been  developed  for  the  synthesis  of  Sn@SnOx/C  com¬ 
posites  as  lithium  ion  anode  materials.  The  composites  had  a 
unique  microstructure  of  amorphous/nanocrystalline  Sn@SnOx 
embedded  in  a  graphite  matrix.  The  Sn  nanoparticles  could  un¬ 
dergo  volume  change  during  Li  intercalation  and  extraction,  and 
the  graphite  and  LqO  could  prevent  aggregation  of  the  Sn  nano¬ 
particles,  which  resulted  in  excellent  cyclability  with  a  high  stable 
capacity  of  430  and  500  mA  h  g-1  at  250  mA  g-1  in  the  Sn@SnOx/C- 
10  h  and  SnO X/C  composite,  respectively.  The  02-P-milling  could  be 
extended  to  other  material  systems  such  as  Si@SiO X/C  composites, 
which  is  promising  in  the  large-scale  production  of  anode  materials 
with  high  capacity  retention. 
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